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SUMMARY
A well-accepted view of developing circuits is that
synapses must be active to mature and persist,
whereas inactive synapses remain immature and
are eventually eliminated. We question this long-
standing view by investigating nonfunctional cholin-
ergic nicotinic synapses in the superior cervical
ganglia (SCG) of mice with a disruption in the a3
nicotinic receptor (nAChR) subunit gene, a gene
essential for fast synaptic transmission in sympa-
thetic ganglia. Using imaging and electrophysiology,
we show that synapses persist for at least
2–3 months without postsynaptic activity; however,
the presynaptic terminals lack high-affinity choline
transporters (CHTs), and as a result, they are quickly
depleted of transmitter. Moreover, we demonstrate
with rescue experiments that CHT is induced by
signals downstream of postsynaptic activity, con-
verting immature terminals to mature terminals
capable of sustaining transmitter release in response
to high-frequency or continuous firing. Importantly,
postsynaptic neurons must be continually active to
maintain CHT in presynaptic terminals.
INTRODUCTION
The neurotransmitter acetylcholine (ACh) is involved in several
physiological and cognitive processes, such as sleep, attention,
memory, autonomic function, and movement, and debilitating
diseases emerge when presynaptic terminals release insufficient
amounts of acetylcholine. For proper signaling by cholinergic
neurons, the presynaptic terminals must be able to release
ACh continuously in response to high-frequency or sustained
firing. To keep up with high demand, ACh is constantly resynthe-
sized from choline and acetyl-CoA by choline acetyltransferase
(ChAT) and concentrated in synaptic vesicles by the vesicular
ACh transporter (VAChT) (Eiden 1998; Deutsch 1971; Wu and
Hersh, 1994). The rate-limiting step for ACh synthesis is choline
reuptake from the extracellular fluid through the high-affinity
choline transporter (CHT).
The existence of a high-affinity choline uptake system has
been known for over 50 years (Birks and MacIntosh, 1961;
Bazalakova and Blakely, 2006; Ribeiro et al., 2006); however,
the gene encoding CHT has been identified only recently (Appa-
rsundaram et al., 2000, 2001; Okuda et al., 2000; Okuda and
Haga, 2003). CHT is located on a reserve pool of vesicles; as
these vesicles are recycled during high-frequency or sustained
firing, CHT becomes localized in the presynaptic membrane,
enabling choline to be transported from the synaptic cleft to
the terminal for new ACh synthesis (Ferguson et al., 2003).
Consequently, the ability of cholinergic neurons to maintain
ACh release continuously in response to high-frequency firing
depends critically on the expression and targeting of CHT. For
example, in mice that lack the CHT gene, the neuromuscular
junctions cannot sustain ACh release, and these mice die shortly
after birth (Ferguson et al., 2004).
In view of the important role for CHT in cholinergic signaling, it
is surprising how little we know about what regulates the appear-
ance of CHT as cholinergic neurons develop. Conceivably, CHT
might be expressed early during cholinergic differentiation by the
same or similar signals that induce the expression of the cholin-
ergic gene locus, an 80 kb region in mammals that contain ChAT
and VAChT genes and the regulatory sequences responsible for
ChAT and VAChT in cholinergic neurons (Eiden, 1998; Weihe
et al., 1998). On the other hand, cholinergic synapses require
a relatively long maturation process before they can maintain
high-frequency or sustain firing (Letinsky, 1974; Pilar et al.,
1981; Polo-Parada et al., 2001, 2004, 2005; Rafuse et al.,
2000). Therefore, an alternative possibility is that CHT is induced
much later during development, possibly by extrinsic signals
related to functional synapse formation, such as those down-
stream of postsynaptic activity. By distinguishing between these
two alternatives, we will learn more about what regulates the
appearance of CHT, and the conversion of immature terminals
to mature terminals capable of sustaining transmitter release in
response to high-frequency or repetitive firing.
A conclusive way to decide whether the induction of CHT
requires signals mediated by synaptic activity is to investigate
the appearance of CHT in cholinergic terminals at nonfunctional,
silent synapses: if CHT is present in the presynaptic terminals at
these silent synapses, one could exclude the possibility that its
appearance is induced by synaptic activity. Carrying out these
experiments in mammals is complicated because animals
without functional cholinergic synapses die at birth, limiting
observations to relatively immature synapses in newborn
animals (Misgeld et al., 2002; Schoch et al., 2001; Verhage
et al., 2000; Varoqueaux et al., 2002; Varoqueaux et al., 2005;272 Neuron 61, 272–286, January 29, 2009 ª2009 Elsevier Inc.
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one would like to investigate cholinergic synapses that are not
crucial for the survival of the animal. One system that satisfies
these requirements is cholinergic nicotinic synapses in the supe-
rior cervical ganglia (SCG) of mice with a disruption in the a3
nicotinic receptor (nAChR) subunit gene.
Expression of the a3 nAChR subunit gene is essential for ACh-
evoked inward currents on sympathetic neurons (Rassadi et al.,
2005) and normal autonomic function (Xu et al., 1999), and dele-
tion of a3 abolishes fast synaptic activity in sympathetic ganglia.
These mice live during the early postnatal period, but unfortu-
nately, when a3 KO mice are raised as inbred strains, they die
during the first week after birth, insufficient time to investigate
fully the development and maturation of these silent synapses.
However, we discovered to our surprise that the autonomic
abnormalities and the high neonatal mortality are not linked:
when a3 KO mice are raised as an outbred strain, they live in
good health for several months in the complete absence of fast
synaptic transmission in sympathetic ganglia.
Using sympathetic ganglia from outbred a3 KOmice, we show
that synapses persist for at least 1–2 months without postsyn-
aptic activity; however, CHT is absent from the presynaptic
terminals. By combining immunocytochemistry, confocal micro-
scopy, and electrophysiological and in vivo gene transfer exper-
iments, we show that CHT appears late during development and
is induced by signals downstream of postsynaptic activity.
Moreover, we show that postsynaptic neurons must be continu-
ally active to maintain CHT in presynaptic terminals.
RESULTS
Survival of a3 KO Mice Raised as an Outbred Strain
Homozygous a3 KOmice raised as an inbred strain on a C57BL/
6/J background are smaller and weaker than WT littermates and
generally die within the first two postnatal weeks (Xu et al., 1999)
(Figure 1A). This phenotype might be expected for mice with an
autonomic nervous system that functions poorly (Xu et al., 1999).
However, because inbred strains have a generalized decrease in
a number of fitness characteristics, including body weight, life-
span, fecundity, litter size, and resistance to disease (Silver,
1995), it raised the possibility that the inbred background was,
in part, responsible for the poor fitness and premature death of
these homozygous a3 KO C57BL/6/J mice. To test this, we
generated homozygous a3 KO animals on an outbred back-
ground by crossing heterozygote a3 KO C57BL/6/J mice with
CD-1+ mice, an outbred strain. Although genetically undefined,
these homozygous a3 KO outcrossed mice exhibited hybrid
vigor in many of their fitness characteristics (Silver, 1995),
including low neonatal mortality and rapid growth. Most relevant
for our study, these animals live for several months in good
health (Figure 1A), and many of the homozygote female a3 KO
outbred mice reproduce.
Synapses Persist in the Absence of Fast Synaptic
Activity in SCG of a3 KO Mice
We showed previously that a deletion in the a3 neuronal nAChR
subunit gene abolishes fast synaptic transmission in SCG from
neonatal homozygote a3 KO C57BL/6/J mice and that isolated
SCG neurons lack ACh-evoked inward currents (Rassadi et al.,
2005). Given the dramatic improvement in overall phenotype
when a3 KO mice are put on a mixed genetic background, we
wondered whether these mice had inadvertently developed
some degree of synaptic transmission in autonomic ganglia.
To test this, we measured synaptic transmission in the SCG
from a3 KO outcrossedmice (n = 150) ranging in ages from post-
natal day 1 (P1) to P60. Preganglionic nerve stimulation failed to
evoke compound action potentials from any a3 KO ganglia
(Figure 1B); moreover, when recording directly from sympathetic
neurons with intracellular electrodes, we failed to detect any
nerve-evoked changes in membrane potentials from neurons
(n = 200) in intact SCG from over 75 a3 KO outbred mice
(Figure 1B). In contrast, all WT ganglia (n = 50) tested had large
compound action potentials, and all sympathetic neurons (n =
80) examined in intact WT ganglia had suprathreshold nerve-
evoked EPSPs (Figure 1B). These results indicate that fast
synaptic transmission is completely absent in sympathetic
ganglia of a3 KO outbred mice.
Although synaptic transmission was absent, when we exam-
ined ganglia from 4- to 5-week-old a3 KO mice at the ultrastruc-
tural level, morphological synapses were readily apparent and
appeared normal (Figure 1C). Both WT and a3 KO synapses
had the characteristic features of accumulations of synaptic
vesicles adjacent to the presynaptic surface membrane,
enhanced postsynaptic density, parallel arrangement of pre-
and postsynaptic membranes, and a widened synaptic cleft.
We quantified 45 synapses from 11 different ganglia in
1-month-old a3 KO mice and 33 synapses from five ganglia in
WT littermates and found no significant difference (p > 0.2)
in length of the PSD (293.07 ± 25.7 nm for WT and 325.5 ±
19.9 for a3 KO). These results indicate that electrophysiologically
silent synapses exist in sympathetic ganglia of 1-month-old
a3 KO mice.
Interestingly, the presynaptic terminals at synapses in
1-month-old a3 KO ganglia had cross-sectional areas that
were 40% larger than those in WT ganglia (1.17 ± 0.004 mm2
for a3 KO [n = 39] versus 0.675 ± 0.002 mm2 for WT [n = 33;
p < 0.001]). Moreover, a subset of presynaptic terminals in
a3 KO ganglia (roughly 5%–10%) were 3.5-fold (3.96 ±
0.07 mm2) larger and formed a cluster of two to three synapses
spacedwithin 1–3 mmof each other (Figure 1D); such large termi-
nals and synaptic clusters were not detected in WT ganglia.
These observations suggest that presynaptic terminals grow
larger in the absence of postsynaptic activity, perhaps in
response to a growth signal emitted by the postsynaptic neuron
to compensate for the lack of synaptic transmission.
Qualitatively, the frequency of observing synapses in 1-month-
old a3 KO ganglia at the ultrastructural level was similar to that in
WT ganglia. However, it is difficult to obtain a quantitative
measure of the number of synapses with EM, as the density of
synapses in sympathetic ganglia is relatively low (Forehand,
1985). Therefore, to estimate the relative density of synapses in
a3 KO and WT ganglia, we used immunocytochemistry and
confocal microscopy.
Previous work has shown that at least four scaffolding proteins
colocalize at cholinergic synapses in mice autonomic ganglia
(Brenman et al., 1996; Parker et al., 2004): the postsynapticNeuron 61, 272–286, January 29, 2009 ª2009 Elsevier Inc. 273
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associated protein (GKAP/SAPAP), and SH3 and ankyrin-
containing protein (Shank/ProSAP). We immunostained
1-month-old a3 KO and WT ganglia for PSD93 together with
PSD95, GKAP, or Shank and observed abundant discrete
PSD93-positive spots in the neuropil between adjacent neuronal
cell bodies; a high proportion of these PSD93 spots (>90%) colo-
calized with the other three core scaffolding proteins (Figure 1E).
Moreover, the proportion PSD93 spots that colocalized with the
core scaffolding proteins in a3 KO (92% ± 2% for PSD95; 88% ±
3.6% for GKAP; 89% ± 2.7% for Shank; n = 1800 in five
ganglia) was not significantly different from those in WT ganglia
Figure 1. Morphology and Postnatal Devel-
opment of Electrophysiologically Silent
Synapses in SCG of a3 KO Mice
(A) Survival curve for 31 a3 KO C57BL/6/J mice
from ten litters and 76 a3 KO outcrossed mice
from 25 litters over the first postnatal month.
Roughly 80% of inbred a3 KO C57BL/6/J mice
died within the first 5 days after birth, whereas
90% of the a3 KO outcrossed mice survived
for at least 28 days.
(B) Sympathetic neurons from a3KOmice lack fast
synaptic transmission. The top traces show extra-
cellular compoundaction potentials recorded from
the sympathetic trunk in P28 WT and P28 a3 KO
SCG; the lower traces show nerve-evoked EPSPs
recorded intracellularly from sympathetic neurons
in P28 WT and P28 a3 KO SCG. Suprathreshold
stimulation of the preganglionic nerve could not
evoke compound action potentials or EPSPs
from P28 a3 KO SCG; the inset on the lower right
shows that direct stimulation evokes action poten-
tials on a3 KO neurons.
(C) Ultrastructure of synapses in P28 WT ganglia
(top row) and P28 a3 KO ganglia (bottom row).
Scale bar, 200 nm.
(D) Electron micrograph of a large presynaptic
terminal from a P28 a3 KO SCG. This image was
pseudocolored for clarity: presynaptic terminal
(yellow), presynaptic vesicles (blue), mitochondria
(violet), and postsynaptic densities (red); the
arrowheads mark synapses. These large terminals
were observed in roughly 5%–10% of synapses in
SCG from a3 KO ganglia at 1 month.
(E) Proteins present in the postsynaptic complex on
sympathetic neurons in P28 WT and P28 a3 KO
ganglia: PSD93 (left column, green), PSD95 (middle
column, top), Shank (middle column, middle), and
GKAP (middle column, bottom). Colocalization
(right column) of PSD93 with PSD95 (top), Shank
(middle), GKAP (bottom). The proportion of PSD93
spots that colocalized with the core scaffolding
proteins in a3 KO SCG (92% ± 2% for PSD95;
88% ± 3.6% for GKAP; 89% ± 2.7% for Shank;
n = 1800 in five ganglia) was not significantly
different from those in WT ganglia (93% ± 2.3%
for PSD 95; 87% ± 4.2% for GKAP; 90% ± 3.2%
for Shank; n =1500 in five ganglia; p > 0.2). These
data indicate that scaffolding proteins of the post-
synaptic densities coassemble without postsyn-
aptic activity or depolarizations mediated by
postsynaptic nAChRs. Scale bar, 0.5 mm.
(F) Immunostaining for VAChT (left; green) and
PSD93 (middle; red) inWTSCG (top row) anda3KO
ganglia (bottom row). Over 95% of PSD93 puncta colocalize with VAChT-positive terminals (right column). Scale bar, 1.0 mm.
(G) Shows that the relative number of synapses in WT (-) and a3 KO SCG (C) increases to the same extent over postnatal development. Synapses were taken as
colocalized PSD93/VAChT puncta and normalized to volumes encompassed by four adjacent neuronal nuclei. Over 60 Volumeswere counted per ganglia from five
differentWT and a3 KOmice per time point. There is no significant difference (p > 0.2) between the relative number of synapses inWT and a3 KOganglia at any time
point. Error bars represent ± SEM.274 Neuron 61, 272–286, January 29, 2009 ª2009 Elsevier Inc.
Neuron
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Shank; n =1500 in five ganglia; p > 0.2); this demonstrates that
neither postsynaptic activity nor a3-containing nAChRs is
required for the assembly of this complex in sympathetic ganglia.
To identify synapses, we immunostained for PSD93 to mark
postsynaptic sites and the vesicular ACh transporter (VAChT)
to mark cholinergic presynaptic terminals (Figure 1F). Over
95% (n = 300) of the discrete PSD93 spots colocalized with
VAChT-positive spots in both WT and a3 KO ganglia: these
discrete spots likely represent synaptic contacts. To estimate
synapse number over postnatal development we counted the
number of colocalized PSD93/VAChT spots in WT and a3 KO
ganglia of different ages.
In bothWT and a3 KOganglia, synapses are already present at
birth (Rassadi et al., 2005), and we show that the relative number
of synapses increases 3-fold over the first two postnatal
weeks; thereafter, the relative number of synapses remains
stable for at least 1 month (Figure 1G). There is no significant
difference (p > 0.2; n = 1500) between the number of synapses
in WT and a3 KO ganglia over the first postnatal month. These
results indicate that (1) synapse formation in mice SCG does
not require signals downstream of postsynaptic activity and
that (2) electrophysiologically silent synapses in SCG can persist
for at least 1 month.
CHT Is Absent in Preganglionic Neurons of a3 KO Mice
Although synapses in a3 KO ganglia are well-differentiated at the
ultrastructural level, our previous study suggested that presyn-
aptic terminals in a3 KO ganglia lacked functional hemicholi-
nium-sensitive choline transporters and were defective in ACh
output (Rassadi et al., 2005). To test whether the transporters
were present but did not function, we coimmunostained presyn-
aptic terminals in 1-month-old WT and a3 KO ganglia for VAChT
and the high-affinity choline transporter, CHT. Our results indi-
cate a dramatic difference in the appearance of CHT in presyn-
aptic terminals: in WT ganglia, over 75% of VAChT-positive
varicosities costained for CHT (Figure 2A); in contrast, less
than 15% of VAChT-positive varicosities in a3 KO ganglia were
CHT-positive; moreover, in these few VAChT-positive terminals,
the intensity of CHT immunostaining was 3-fold less than those
in WT terminals (Figure 2A).
To determine whether other cholinergic terminals in a3 KO
mice had low levels of CHT, we examined synapses at the neuro-
muscular junctions (NMJs). Because fast synaptic transmission
at the neuromuscular junction is mediated by a1-containing
nAChRs, in a3 KO mice the NMJs function well. All presynaptic
terminals in a3 KO diaphragm muscle had abundant CHT stain-
ing (Figure 2B); the proportion of CHT-positive terminals and
intensity of CHT staining was not significantly different from
those in aged-matched WT muscle.
To address whether preganglionic neurons synthesize CHT
but do not target it to their terminals, we coimmunostained spinal
preganglionic neurons in the intermediate lateral horn (IML) for
choline acetyltransferase (ChAT) to identify cholinergic neurons
and CHT; as controls, we coimmunostained motorneurons in
the ventral horn (VH). In both WT and a3 KOmice, ChAT-positive
motorneurons in the VH had strong CHT staining (Figures 2C and
2D; n = 6), consistent with the presence of CHT in presynaptic
terminals at NMJs. Furthermore, the preganglionic neurons in
the IML of WT mice had strong CHT staining. In contrast, CHT
was not detected above background in preganglionic neurons
in the IML of a3 KO mice (Figures 2C and 2D; n = 6).
To determine whether the retrograde signal alters CHT gene
expression in preganglionic neurons, we carried out in situ
hybridization for CHT mRNA. In control spinal cord, CHT
mRNA was readily detected in cholinergic ventral horn and
IML neurons (Figure 2E; n = 6); on the other hand, in the spinal
cord of a3 KOmice, we detect CHTmRNA in cholinergic neurons
in the ventral horn, but interestingly not in the IML (Figure 2F;
n = 6). These results indicate that CHT gene expression is regu-
lated by signals downstream of postsynaptic activity.
Postnatal Appearance of CHT in WT and a3 KO
Sympathetic Ganglia
At 1 month, CHT in WT ganglia is high whereas in a3 KO ganglia
CHT is low. There are two likely scenarios for why CHT is low in
a3 KO ganglia: (1) the appearance of CHT is induced by intrinsic
mechanisms early in development, possibly by processes
involved in cholinergic differentiation of preganglionic neurons
(Eidenet al., 1998;Weiheet al., 1998), and its high levels aremain-
tained by retrograde signals downstream of postsynaptic
activity; or (2) CHT levels are initially low in cholinergic terminals,
and its appearance is inducedby extrinsic signals downstreamof
postsynaptic activity. To distinguish between these two mecha-
nisms, we examined the postnatal appearance of CHT in pregan-
glionic terminals within the SCG. At birth, less than 20% of
VAChT-positive terminals in WT ganglia had detectable CHT
immunostaining (Figures 3A and 3B). Over the next few days,
this proportion as well as CHT intensity increased significantly
and by P7 over 80%of the VAChT-positive varicosities costained
for CHT, and the proportion remained high for at least 1 month
(Figures 3A–3C). In contrast, in a3 KO ganglia, fewer than 15%
of the VAChT-positive terminals had detectable CHT immunos-
taining at birth, and the proportion and CHT intensity remained
low over the first postnatal month (Figures 3A–3C). These results
indicate that CHT levels in presynaptic terminals are low at birth
and suggest that its appearance is induced during the first
week by extrinsic signals downstream of postsynaptic activity.
Since CHT is crucial for the continual resynthesis and release
of ACh during sustained firing, our findings predict that at birth
the presynaptic terminals cannot maintain ACh release during
sustained or high-frequency firing but acquire this ability during
the early postnatal period. To test this prediction, we recorded
intracellularly from sympathetic neurons in intact ganglia while
stimulating the preganglionic nerve. (In these experiments, we
added curare [5–10 mM] to make the EPSPs subthreshold;
leaving out curare had no significant effect on these results.) At
birth, synapses could follow low-frequency stimulation (<1 Hz)
for at least 1 min (Figure 4A); after 10 min of continuous stimula-
tion, the EPSP amplitude was 80% of control. In contrast, with
higher-frequency stimulation, synapses in P0 ganglia could not
keep up. When stimulated at 10 Hz, successive EPSPs gradually
decreased in amplitude and were undetectable by 30–40 s
(Figure 4A); this is what one would expect for synapses where
the presynaptic terminals had little CHT and their releasable
pool of ACh was depleted.Neuron 61, 272–286, January 29, 2009 ª2009 Elsevier Inc. 275
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repeated these experiments with synapses in ganglia from P3,
P5, and P7 mice by plotting the average of ten consecutive
EPSPs at 10 s intervals in a 60 s train. By P7, stimulating the
preganglionic nerve at 10 Hz for 1min caused only a small reduc-
tion in EPSP amplitude (Figures 4B and 4C). For synapses in P3
and P5 ganglia, the decrease in EPSP amplitudes was interme-
diate between P0 and P7 (Figure 4D). Moreover, stimulating the
preganglionic nerve at 10 Hz in the presence of hemicholinium
(HC-3; 1 mM), a specific antagonist of CHT, caused the synapses
in P7 ganglia to fatigue with a time course similar to those in P0
ganglia (although the HC-3-induced fatigue at P7 was not as fast
as that at P0 treated with HC-3, suggesting that the block by
HC-3 at P7 was not complete) (Figure 4E).Taken together, these
results indicate that the ability of presynaptic terminals to main-
tain ACh release depends on the functional appearance of CHT
and that terminals acquire CHT over the first postnatal week.
Viral Expression of a3 in a3 KO Mice Establishes Fast
Synaptic Transmission in Sympathetic Ganglia
Unlike presynaptic terminals in WT ganglia, CHT is low in a3 KO
ganglia at birth and remains low over the first month (Figure 3).
From these results, we hypothesize that the appearance of
CHT in presynaptic terminals depends on a retrograde signal(s)
downstream of postsynaptic activity. To test this idea directly,
we used in vivo adenoviral gene transfer techniques to express
the missing a3 nAChR subunit and restore postsynaptic activity
in a3 KO ganglia. After injecting mice intraperitoneally (i.p.) with
a3-containing viral vectors, we could detect viral a3 in the liver
but not in the spinal cord (Figure 5A), indicating that the virus
stays in the periphery and does not enter the CNS.
To express a3 in sympathetic neurons in vivo, we infected
mice with Ada3/Syn, a replication-defective adenovirus in which
Figure 2. Low Expression of CHT in Preganglionic Neurons Inner-
vating SCG in P28 a3 KO Mice
(A) Immunostaining SCG from P28WT and a3 KOmice for VAChT (top; green),
CHT (middle; red); colocalization of VAChT and CHT (bottom, merged). Scale
bar, 1.0 mm. The graphs show the percentage of over 3000 VAChT-positive
terminals in WT SCG (n = 8) and a3 KO ganglia (n = 8) that contain CHT immu-
nofluoresence (left); the average CHT intensity excluding CHT-negative termi-
nals is shown on the right. There is a significant reduction in the percentage of
terminals with CHT and in the average CHT intensity of nerve terminals in
a3 KO SCG compared to those in WT SCG (***p < 0.0001).
(B) Immunostaining neuromuscular junctions (NMJ) in diaphragms of P28 WT
and a3 KOmice for VAChT (green) andCHT (red). Scale bar, 10 mm. The graphs
show the proportion of VAChT-positive terminals (n = 50) in WT diaphragms
(n = 6) and a3 KO diaphragms (n = 8) that contain CHT immunofluorescence
(left) and the average intensity of this CHT fluorescence (right). There is no
significant difference (p > 0.2) between the percent of terminals that contain
CHT or average CHT intensity in P28 WT and a3 KO diaphragms.
(C and D) Thoracic cross-sections of a P28 WT (C) and P28 a3 KO (D) spinal
cord double-stained for choline acetyltrasferase (ChAT; green) and CHT
(red). The low-power images show the location of sympathetic preganglionic
neurons in the intermediolateral nucleus (IML) andmotor neurons in the ventral
horn (VH). The insets show high-power images of the same section: upper row,
IML; lower row, VH. ChAT andCHT staining in the VHof bothWT and a3KO are
similar, whereas ChAT and CHT stains the IML of WT, but only ChAT stains the
IML of a3 KO. Similar images were observed in spinal cords from P28 WT
(n = 6) and P28 a3 KO (n = 9) mice. Scale bars: VH is 20 mm and IML is 10 mm.
(E and F) High-power images of neurons in the ventral horn (VH) and interme-
diolateral nucleus (IML) from a WT spinal cord (E) and a3 KO spinal cord (F)
treated with fluorescently tagged antisense CHT (middle, CHT mRNA). Adja-
cent tissue sections were immunostained for ChAT to identify the VH and
the IML (top, ChAT). Fluorescent signal from spinal tissue sections treated
with sense CHT mRNA probes was very low (bottom, sense). Scale bars:
VH is 20 mm and IML is 10 mm.
Error bars represent ± SEM.276 Neuron 61, 272–286, January 29, 2009 ª2009 Elsevier Inc.
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promoter (Ku¨gler et al., 2003; Wheeler et al., 2006). Within 24 hr
of infecting a3 KO mice with Ada3/Syn, we obtained strong
synaptic transmission in over 90% of the ganglia (Figures 5B
and 5C); moreover, with intracellular recording, we recorded
large (10 mV) nerve-evoked EPSPs from over 85% of the
neurons in intact ganglia 1 day postinfection (Figures 5B and
5C), and the EPSP amplitudes increased further over the next
2–3 days. These EPSPs on a3 KO neurons infected with Ada3/
Syn had rise times and decay times similar to those on WT
neurons (Table 1), indicating that the virally expressed a3 coas-
sembles with b (and possibly other) subunits and the receptors
are targeted appropriately to synapses; furthermore, the EPSP
rise and decay times suggest that ACh is released from the
presynaptic terminals rapidly and cleared from the synaptic cleft
normally. Further, we observed no significant difference in
paired-pulse facilitation between terminals at these new func-
tional synapses in a3 KO ganglia and those in WT ganglia of
similar age (Figure 5D), suggesting that excitation-secretion
coupling in presynaptic terminals at these synapses is normal.
Taken together, these results demonstrate that we can establish
functional cholinergic synapses in a3 KO ganglia within 24 hr of
infecting mice with a3-expressing adenoviral vectors.
Establishing Postsynaptic Activity in a3 KO Ganglia
Induces the Appearance of CHT Presynaptically
To determine whether postsynaptic activity causes the appear-
ance of CHT presynaptically, we infected P1 a3 KO mice with
Ada3/Syn and recorded nerve-evoked EPSPs from sympathetic
Figure 3. CHT in Presynaptic Terminals in SCG from
WT but Not a3 KO Mice Increase over the First Post-
natal Month
(A) VAChT (top; green), CHT (middle; red) immunofluoresence
in SCG from WT and a3 KO mice at P0, at P7, and at P28.
Scale bar, 1.0 mm.
(B) Percent of presynaptic terminals in WT and a3 KO SCG
with CHT at P0, P7, and P28. For each time point over 5000
VAChT-positive terminals were analyzed in both WT (n = 8)
and a3 KO (n = 8) ganglia. There is a significant reduction in
the percent of terminals with CHT staining in a3 KO ganglia
at P7 and at P28 compared to those in WT ganglia of the
same age (***p < 0.0001).
(C) CHT intensity in presynaptic terminals increases signifi-
cantly over the first postnatal month in WT SCG (p < 0.0001;
n = 3500) but not in a3 KO SCG (p > 0.2; n = 2000); CHT-
negative terminals were excluded from the average intensity.
Error bars represent ± SEM.
neurons in intact ganglia 24 hr later. With 10 Hz
stimulation, the successive EPSPs gradually
decreased in amplitude during the first 10 s and
eventually became undetectable by 40–50 s
(Figures 6A and 6B), consistent with a depletion
of the releasable pool of ACh. Moreover, we immu-
nostained the ganglia and observed that CHT
protein in presynaptic terminals was low
(Figure 6F), similar to synapses in WT ganglia at
birth (Figures 3A–3C). Next, we examined
synapses in infected a3 KO littermates 7 days postinfection to
determine whether these synapses required a similar maturation
time as those in WT ganglia. Stimulating synapses at 10 Hz for 1
min resulted in little depression of the nerve-evoked EPSPs
(Figures 6A and 6C); equally relevant, the presynaptic terminals
in these ganglia had abundant CHT (Figure 6F). These results
indicate that a few days of postsynaptic activity is sufficient to
increases CHT levels in presynaptic terminals in rescued
a3 KO ganglia.
An alternative interpretation of these rescue experiments,
however, is that the postsynaptic nAChRs produce a signal for
the presynaptic appearance of CHT. To distinguish whether
the signal for CHT expression originates from the receptor or
a retrograde signal downstream of postsynaptic activity, we vir-
ally expressed receptors with a reduced single-channel conduc-
tance. To express such receptors, we mutated a3 to change the
glutamic acid (E) residue at the intracellular gate of the receptor
channel (position 240) to alanine (A); these glutamic acid resi-
dues are present on all nAChR subunits and form the interme-
diate ring of negative charges at the receptor pore. Reducing
the negative charge at the intermediate ring reduces the
single-channel conductance of the receptors 10- to 12-fold
(Imoto et al.,1988. Haghighi and Cooper, 2000).
Alpha3E240A expressed well in sympathetic neurons, and over
80% of the neurons had nerve-evoked EPSPs, similar to the
proportion infected with WT a3 cDNA; however, the nerve-
evoked EPSPs at synapses with a3 E240A-containing nAChRs
were 15-fold smaller than those at synapses with WT a3-con-
taining nAChRs: at synapses rescued with a3 E240A-containingNeuron 61, 272–286, January 29, 2009 ª2009 Elsevier Inc. 277
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Terminals to Sustain High-Frequency
Synaptic Transmission Develops over the
First Postnatal Week and Requires the
Appearance of Functional High-Affinity
Choline Transporters
(A) EPSPs recorded from a neuron in intact P0 WT
SCG while stimulating the preganglionic nerve at
1 Hz (top row) or 10 Hz (bottom row) for 60 s: first
10 s (left), the middle 10 s (middle), and the last
10 s (right) of the train. At 10 Hz, the first six EPSPs
of each 10 s trace are shown on an expanded
timescale for clarity. Presynaptic terminals are
able to sustain transmission at low stimulus
frequency (1 Hz) for at least 10 min but fatigue
rapidly at high stimulus frequency (10 Hz).
(B) EPSPs recorded from a neuron in intact P7
SCG while stimulating the preganglionic nerve at
10 Hz: first 10 s (left), the middle 10 s (middle),
and the last 10 s (right). At P7, presynaptic termi-
nals are able to sustain transmission at 10 Hz.
(C) The average amplitude of ten consecutive
EPSPs measured at 10 s intervals in response to
a 10Hz, 60 s stimulation and normalized to the first
ten EPSPs for neurons at P0 (C) and at P7 (-).
Each point represents the normalized EPSP
(mean ± SEM) from over 20 neurons recorded in
at least eight different WT ganglia. The solid lines
in (C) and (D) represent a single-exponential fit to
the data.
(D) shows the normalized EPSP (mean ± SEM; n >
20 neurons in six different ganglia) for the final ten
consecutive EPSPs in a 60 s train at P0, P3, P5,
and P7.
(E) Effects of hemicholinium-3 (HC-3). Synapses in
P0 (A) and P7 ganglia (-) fatigue within the first
30 s when stimulated in the presence of HC-3
(1 mM). Each point represents the normalized
EPSP (mean ± SEM) for over 20 neurons in six different ganglia. Data from neurons in P0 SCG (C) are shown for comparison. These data demonstrate that
synapses in P7 SCG require functional CHT activity to sustain transmission at 10 Hz.
Error bars represent ± SEM.nAChRs, the mean EPSPs was 1.15 mV ± 0.053 (n = 65), and at
WT synapses, the mean EPSPs was 20.1 mV ± 0.56 (n = 96;
see Figure 6D). Importantly, presynaptic terminals at synapses
with these conductance mutant nAChRs lacked functional CHT.
One week postinfection, the EPSPs at these a3E240A synapses
fatigued rapidlywhen stimulatedat 10Hz (seeFigure 6E), compa-
rable to terminals at synapses in WT ganglia at P0 or WT P7
treated with HC-3. Moreover, by immunostaining a3E240A -
expressing ganglia for CHT, we show that presynaptic terminals
have low levels of CHT protein, comparable to those at synapses
in a3 KO ganglia (see Figure 6F). Therefore, even though a3E240A-
containing nAChRs were capable of mediating small 0.5–3 mV
EPSPs, neither the receptors nor the small EPSPswere sufficient
to induce the appearance of CHT in the presynaptic terminals.
These results rule out the possibility that the transsynaptic signal
originates from the receptors; rather, they indicate that the
appearanceofCHT inpresynaptic terminals requiresa retrograde
signal downstream of strong postsynaptic activity.
Restoring synaptic activity to a3 KO ganglia at P1 mimicked
the developmental appearance of CHT in WT ganglia. Next, we
asked whether the first postnatal week was a critical period for
inducing the appearance of CHT in presynaptic terminals. To
address this, we expressed a3 in a3 KO mice at P7 and at P21
and recorded nerve-evoked EPSPs at different times postinfec-
tion. At 24 hr, the nerve-evoked EPSPs on sympathetic neurons
from virally infected P7 and P21 a3 KOmicewere similar to those
on WT sympathetic neurons at P0; with 10 Hz stimulation, the
EPSPs gradually decreased in amplitude and became undetect-
able by 40 s (Figure 7A), and CHT protein in presynaptic termi-
nals was low (Figures 7C and 7D). When examined 7 days after
restoring synaptic activity at P7 or P21, however, the presynaptic
terminals maintained release during high-frequency stimulation
(Figure 7B) and the presynaptic terminals contained high levels
of CHT (Figures 7C and 7D). Taken together, these results indi-
cate that postsynaptic activity is the major determinant for the
appearance of CHT in presynaptic terminals.
Postsynaptic Activity Is Required for the Continual
Appearance of CHT in Presynaptic Terminals
Unexpectedly, we observed that rescue of fast nicotinic synaptic
transmission in a3 KO SCG with Ada3/Syn lasted for only a few
weeks. For example, we infected 20 a3 KO mice with Ada3/Syn278 Neuron 61, 272–286, January 29, 2009 ª2009 Elsevier Inc.
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from all six mice tested 7–9 days postinfection had large nerve-
evoked compound action potentials (CAPs) and all 54 neurons
had EPSPs >10 mV (Figure 8A). On the other hand, when we
examined ganglia in the same series 3 weeks (n = 6) and 7 weeks
(n = 8) postinfection, none had detectable CAPs (n = 14) and 0/45
neurons had detectable nerve-evoked EPSPs (Figure 8A); none-
theless, all neurons had nerve-evoked muscarinic responses
(Figure 8B), demonstrating that the preganglionic terminals
were capable of ACh release. Therefore, it appears that Ada3/
Syn stopped expressing a3 after 14 days, and consequently
the synapses stopped functioning. A similar attenuation of viral
gene expression from the Syn promoter had been observed in
dopaminergic neurons in the adult CNS (Ku¨gler et al., 2003).
Although the mechanism for this selective attenuation of
activity from the Syn promoter is unclear, we exploited this prop-
erty to ask what happens to CHT levels in presynaptic terminals
when active synapses revert to electrophysiologically silent
synapses. Therefore, we immunostained the terminals for CHT
after the electrophysiological experiments in Figure 8A. Although
none of the ganglia frommice 3 weeks postinfection had detect-
able fast synaptic transmission, over 75% of the presynaptic
terminals in the SCG had high levels of CHT, as did those in
ganglia 7–9 days postinfection (Figures 8B–8D). In contrast,
less than 25% of the presynaptic terminals in ganglia 7 weeks
postinfection had detectable CHT (Figures 8B–8D). These
results indicate that continuous postsynaptic activity is required
to maintain CHT levels in presynaptic terminals.
DISCUSSION
Using sympathetic ganglia from a3KOoutbredmice, we demon-
strate that electrophysiologically silent synapses develop and
persist for several weeks in the absence of postsynaptic activity.
While these synapses appear morphologically normal, the
presynaptic terminals are functionally immature and cannot
output ACh in response to high-frequency stimulation. This
defect in transmitter output occurs, in large part, because the
terminals lack the high-affinity choline transporter, CHT. Without
CHT, repetitive firing or high-frequency trains at developing
synapses deplete the presynaptic terminals of their releasable
pool of ACh and fast synaptic transmission fails. First we discuss
our results that electrophysiologically silent synapses persist for
several weeks in vivo, and then we discuss our findings linking
signal(s) down stream of postsynaptic activity to the appearance
of CHT in presynaptic terminals.
Electrophysiologically Silent Synapses Persist without
Postsynaptic Activity
Synaptogenesis occurs by both activity-independent and
activity-dependent mechanisms (Garner et al., 2006; Sanes
Figure 5. Rescue of Synaptic Transmission in Sympathetic Ganglia
of a3 KO Mice with Adenoviruses Containing Full-Length a3 cDNA
(A) Amplified PCR products from DNA extracted from tail tissue (T) of a P0 a3
KO mouse before (left lane) and 48 hr after infection (right lane) with Ada3/Syn
or from DNA extracted from spinal cord (S) or liver (L) 48 hr after infection (right
lanes). Adenoviral vectors administered i.p. infect peripheral tissues but not
the CNS or spinal cord.
(B) Synapsin promoter drives strong a3 expression in sympathetic neurons.
Extracellular CAP (upper traces) and EPSPs (lower traces) recorded in sympa-
thetic ganglia from P0 a3 KO mice infected with AdGFP/Syn and with Ada3/
Syn measured 24 hr later. a3 KO mice infected with Ada3/Syn recovered
strong synaptic transmission through autonomic ganglia.
(C) Proportion of ganglia with CAPs (left), the peak amplitude of the CAP
(middle), and the proportion of SCG neurons with EPSPs (right) in WT, a3
KO mice infected with Ada3/Syn, and a3 KO mice infected with AdGFP/Syn
measured 24 hr later.
(D and E) Paired-pulse facilitation is normal at synapses rescued with Ada3/
Syn. (D) Example of two EPSPs evoked 40 ms apart on SCG neurons from
WT mice (left) and a3 KO mice 24 hr postinfection with Ada3/Syn (right) at
P1 and P28. (E) The average paired-pulse ratio was measured at P0 (n = 25),
P7 (n = 23), and P28 (n = 27) for synapses in WT SCG (-) or for rescued
synapses in a3 KO SCG (C) 24 hr postinfection with Ada3/Syn. There is no
significant difference (p > 0.2) in paired-pulse facilitation between synapses
in WT SCG and those rescued with Ada3/Syn. This graph shows that excita-
tion-secretion coupling in presynaptic terminals develops normally at silent
synapses in a3 KO SCG.
Error bars represent ± SEM.
Table 1. EPSP Rising Time Constant, Decay Time Constants, and
Paired-Pulse Ratio Are Similar between Neurons in Ganglia from
WT and Rescued Mice
Rising Tau (ms) Decay Tau (ms)
P0 WT 1.41 ± 0.10 6.32 ± 0.32
P7 WT 1.2 ± 0.15 5.49 ± 0.38
Rescue at P0 (7 days after
infection)
1.08 ± 0.12 5.21 ± 0.29Neuron 61, 272–286, January 29, 2009 ª2009 Elsevier Inc. 279
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Expression of CHT Requires Postsynaptic Activityand Lichtman, 1999; Tao and Poo, 2001), yet the relative contri-
bution of these mechanisms to the stabilization and persistence
of synapses is not fully understood (Craig et al., 2006). We
started these experiments with the expectation that synapses
must be active to mature and persist, whereas inactive syn-
apses remain immature and are eventually eliminated, a view
suggested by several recent reviews on synapse formation
(Cohen-Cory, 2002; Flavell and Greenberg, 2008) and by recent
experiments at the neuromuscular junction, which demonstrate
that when active and inactive synapses coexist on the same
postsynaptic cell, the active synapses persist and the inactive
synapses are eliminated (Buffelli et al., 2003). On the one hand,
our results are consistent with this view: we show that for cholin-
ergic synapses in SCG, synapses must be active to mature. On
Figure 6. Postsynaptic Activity Causes the
Appearance of Functional High-Affinity
Choline Transporters in Presynaptic
Terminals
(A) EPSPs recorded from neurons in an intact
sympathetic ganglia from a P0 a3 KO mouse in-
fected with Ada3/Syn 1 day (top row) and 7 days
(bottom row) postinfection: the preganglionic
nerve was stimulated at 10 Hz for 60 s: first 10 s
(left), the middle 10 s (middle), and the last 10 s
(right).
(B) EPSPs on sympathetic neurons in SCG from
P0 a3 KO mice 1 day postinfection (Ada3 1d) in
response to a 10 Hz train delivered to the pregan-
glionic nerve for 60 s: average amplitudes of ten
consecutive EPSPs at 10 s intervals, normalized
to the average of the first ten EPSPs (mean ±
SEM); each point is the average of 50 neurons
from eight to ten ganglia.
(C) EPSPs on sympathetic neurons in SCG from
P0 a3 KO mice 7 days postinfection with Ada3/
Syn (Ada3 7d) in response to a 10 Hz train deliv-
ered to the preganglionic nerve for 60 s: average
amplitudes of ten consecutive EPSPs at 10 s inter-
vals, normalized to the average of the first ten
EPSPs (mean ± SEM); each point is the average
of 50 neurons from eight to ten ganglia. Results
from neurons in P7WT SCG (Figure 4C) are shown
for comparison.
(D) Mutating glutamic acid residues in a3 reduces
the size of EPSPs without affecting expression
levels. EPSPs on sympathetic neurons in SCG
from P0 a3 KO mice 7 days postinfection with
either Ada3/Syn (top, Ada3) or with Ada3E-A/Syn
(bottom, Ada3E-A). The histograms to the left
show the distribution of EPSP amplitudes (n = 95
for Ada3/Syn and n = 65 Ada3E-A/Syn). The
average EPSP amplitude is reduced 15-fold.
(E) EPSPs on sympathetic neurons in SCG from
P0 a3 KO mice 1 day, 7 days postinfection with
Ada3/Syn (Ada3 7d) and 7 days postinfection
with Ada3E-A/Syn (Ada3E-A 7d) in response to
a 10 Hz train delivered to the preganglionic nerve
for 60 s: average amplitudes of ten consecutive
EPSPs at 10 s intervals, normalized to the
average of the first ten EPSPs (mean ± SEM);
each point is the average of 50 neurons from
eight to ten ganglia. Postsynaptic activity at
synapses that express the conductance mutant
a3E-A cannot restore functional choline trans-
porters in the presynaptic terminals, indicating that strong postsynaptic activity is required for the appearance of functional CHT.
(F) Immunostaining SCG from P0 a3 KO 1 day and 7 days postinfection with Ada3/Syn, and from P0 a3 KO 7 days postinfection with Ada3E-A/Syn for VAChT,
(left; green), CHT (middle; red). Scale bar, 1.0 mm.
(G) Reinstating postsynaptic activity causes a significant increase in the percentage (left) of VAChT-positive terminals with CHT (p < 0.0001) and the mean CHT
intensity (right) within CHT-positive terminals (p < 0.001). Over 4000 VAChT-positive terminals were analyzed in ten different a3 KO ganglia for each condition:
1 day and 7 days postinfection with Ada3/Syn, 7 days postinfection with Ada3E-A/Syn, and AdGFP/Syn.
Error bars represent ± SEM.280 Neuron 61, 272–286, January 29, 2009 ª2009 Elsevier Inc.
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to be active to persist; instead, our results show that when all the
synapses to a postsynaptic neuron are inactive, these inactive
synapses are maintained.
Presumably, cholinergic nicotinic synapses on sympathetic
neurons aremaintained by synaptic adhesionmolecules through
activity-independent mechanisms, thereby allowing these syna-
pses to persist without postsynaptic activity. The identity of
these cell adhesion molecules at neuronal nicotinic synapses is
incomplete. One molecule may be L1-CAM, or a related family
member, given that L1-CAM is involved in aligning pre- and post-
synaptic structures at synapses in chick ciliary ganglia (Triana-
Baltzer et al., 2006), similar to its role at the neuromuscular
junction (Landmesser et al., 1988). Other synaptic adhesion
molecules may be members of the neuroligin-neurexin family,
since neuroligin-neurexin interactions guide synapse formation
among chick ciliary neurons in culture (Conroy et al., 2007),
similar to their role at mammalian glutamatergic synapses (Craig
and Kang, 2007), although more work is needed before one can
be certain that neuroligin-neurexin interactions occur at nicotinic
synapses on neurons in vivo.
The postsynaptic complex at synapses in sympathetic ganglia
contains the scaffolding proteins, PSD93 and PSD95, as well as
GKAP/SAPAP and Shank/ProSap (Brenman et al., 1996; Conroy
et al., 2003; Parker et al., 2004), similar to glutamatergic
synapses in the CNS (Kim and Sheng, 2004; Li and Sheng,
2003). Over 90% of these postsynaptic PSD93 clusters colocal-
ized with the presynaptic marker, VAChT, in intact ganglia and
serve as useful markers for the location of synapses. The role
for this PSD93-GKAP-Shank complex at nicotinic synapses is
not well understood. One of its functions could be to anchor
synaptic adhesion molecules required for initiating synapse
formation and allowing synapses to persist without activity. For
example, the postsynaptic complex becomes unstable when
sympathetic ganglia are denervated in PSD93 null mice (Parker
et al., 2004). Another role for this scaffolding complex could be
to localize signaling molecules like postsynaptic receptors,
calcium-calmodulin kinase II, and nitric oxide synthase to the
postsynaptic domain, similar to the role for this complex at glu-
tamatergic synapses (Kim and Sheng, 2004).
It is not clear what regulates the formation of this PSD93-
GKAP-Shank complex under the postsynaptic membrane at
cholinergic-nicotinic synapses on sympathetic neurons. In a3
KO ganglia, the complex forms at electrophysiologically silent
synapses; therefore, the targeting andclusteringof themolecules
that make up this complex do not require signals downstream of
the postsynaptic nAChRs, such as membrane depolarization or
calcium influx.
How nAChRs are targeted and anchored in the postsynaptic
membrane at neuronal synapses is poorly understood (Rosen-
berg et al., 2002; Parker et al., 2004; Williams et al., 1998).
Expressing a3 in sympathetic neurons in a3 KO mice rapidly
rescues fast synaptic transmission, most probably by converting
silent synapses to active synapses. These results indicate that
sympathetic neurons in a3 KO mice retain the ability to process
a3 transcripts properly, including synthesizing a3 subunits,
Figure 7. Reinstating Synaptic Activity at P7 and at P21 Induces the Appearance of CHT in Presynaptic Terminals
(A andC) EPSPs on sympathetic neurons in ganglia fromP7 a3 KOmice (A) or P21 a3 KOmice (C) infectedwith Ada3/Syn for 1 day (Ada3 1d) and 7 days (Ada3 7d)
in response to a 10 Hz train for 60 s: average amplitudes of ten EPSPs (mean ± SEM); each point is the average of 25 neurons from eight to ten ganglia.
(B and D) Presynaptic terminals in SCG from P7 a3 KO mice (B) or P21 a3 KO mice (D) infected with Ada3/Syn for 1 day or 7 day immunostained for VAChT (left;
green) and CHT (middle; red). Scale bar, 1 mm. The graphs show the percentage of VAChT-positive terminals with CHT (left; ***p < 0.0001) and the average CHT
intensity (right; ***p < 0.001). Over 2700 terminals in nine different ganglia were analyzed for both 1 day (1d) and 7 days (7d) postinfection. These data suggest that
there is no critical period for the induction of CHT in presynaptic terminals by signals downstream of postsynaptic activity.
Error bars represent ± SEM.Neuron 61, 272–286, January 29, 2009 ª2009 Elsevier Inc. 281
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Expression of CHT Requires Postsynaptic Activitycoassembling them with b (and possibly other) subunits, and
folding the coassembled subunit proteins into a3-containing
nAChRs, and targeting these newly synthesized receptors
appropriately to the postsynaptic membrane. The rise and decay
kinetics of the EPSPs at the rescued synapses in a3 null ganglia
are similar to those for EPSPs at synapses in WT ganglia, sug-
gesting that the newly synthesized nAChRs are properly aligned
to the presynaptic release sites and that the evoked ACh is
cleared from the synapse normally.
Moreover, paired-pulse facilitation at these rescued synapses
is similar to that at synapses in WT ganglia, indicating that the
presynaptic terminals release transmitter normally in response
to single action potentials. These findings are consistent with
previous work showing normal vesicle recycling in presynaptic
terminals at silent NMJ in paralytic zebrafish mutants (Li et al.,
2003). That presynaptic terminals at these silent synapses
release transmitter normally in a3 null sympathetic ganglia
indicates that appropriate targeting and organization of mole-
cules in presynaptic terminals needed for excitation-secretion
coupling, with the exception of CHT, do not require retrograde
signals down stream of postsynaptic activity.
Expression of the High-Affinity Choline Transporter
Requires a Retrograde Signal(s) Downstream of
Postsynaptic Activity
At birth, synapses in sympathetic ganglia are functionally imma-
ture and fatigue rapidly with repetitive stimulation. Over the first
few postnatal days, these synapses mature and sustain trans-
mission even when stimulated at high frequency or for prolonged
periods. This conversion from a readily fatigable synapse to one
that can sustain transmission comes about, in large part,
because the presynaptic terminals acquire a HC-3-sensitive,
high-affinity choline uptakemechanism. A similar developmental
process occurs at developing neuromuscular junctions (Letin-
sky, 1974; Pilar et al., 1981). As such, synapses in newborn
sympathetic ganglia act physiologically as a low-pass filter,
allowing inputs to excite the postsynaptic neurons if they arrive
at low frequency but not if they arrive at high frequency; this
may be a common situation as functional circuits become estab-
lished (Abrahamsson et al., 2005). It is not clear what physiolog-
ical role this filtering mechanism serves. One role may be to
Figure 8. Continuous Postsynaptic Activity Is Required to Maintain
CHT Expression in Presynaptic Terminals
(A) CAPs (upper) recorded from the sympathetic trunk and EPSPs (lower)
recorded from sympathetic neurons in SCG from P0 a3 KO mice infected with
Ada3/Syn for 7 days (7d), 21 days (21d), or 49 days (49d). Synaptic transmission
in SCG is present 1 week postinfection but absent 3 weeks and 7weeks postin-
fection, indicating that the expression fromAda3/Syn is transient. Thegraphson
the left summarize the percent of ganglia with CAPs and the percent of neurons
withEPSPsat 7d, 21d, and49d (15 neurons and5 animals for each time point).
(B) Normal muscarinic responses at 21 days postinfectionwith Ada3/Syn (Ada3
21d) indicate that the absenceof synaptic transmission isdue to the lackof post-
synaptic receptors. Stimulating the preganglionic nerve at 20 Hz for 2 s evoked
similar muscarinic responses on a sympathetic neuron from a P21 WT mouse
(top trace) and on a sympathetic neuron from a P21 a3 KO mouse infected
with Ada3/Syn at P0 (bottom trace). The muscarinic responses were reversibly
blocked by 1 mM atropine. The graph on the left shows the average muscarinic
response for 25 sympathetic neurons from 5 P21 WT mice and 30 sympa-
thetic neurons in four P21 a3 KO mice infected with Ada3/Syn at P0.
(C) ImmunostainingSCG fromP0a3KOmice infectedwith Ada3/Syn for 1week
and 7weeks for VAChT (top; green) andCHT (middle; red). Scale bar, 1 mm. The
graphs show the proportion of terminals that contain CHT (left) and the average
CHTfluorescence intensity inCHT-positive terminals (right). The lossof postsyn-
aptic activity for 3–4 weeks causes a significant reduction in the percentage of
terminals with CHT (left, ***p < 0.0001) and the average CHT intensity in CHT-
positive terminals (right, ***p < 0.001). Over 2000 terminals in six different ganglia
were analyzed for both 1 week and 7 weeks postinfection.
(D) Summary of the proportion of CHT-positive terminals in WT and a3 KO SCG
at ages from P0 to P50: WTmice (black), a3 KOmice (blue), and P0 a3 KOmice
infected with Ada3/Syn at P0 (red), P7 (green), and P21 (orange). Reinstating
synaptic transmission in SCG of a3 KO mice induces the appearance of CHT
in presynaptic terminals, but when Ada3/ Syn stops expressing a3 after
2–3 weeks, synaptic transmission stops and CHT in presynaptic terminals
decreases. Thesedata indicate that signals downstreamof postsynaptic activity
are required to induce andmaintain expression of CHT in presynaptic terminals.
Error bars represent ± SEM.282 Neuron 61, 272–286, January 29, 2009 ª2009 Elsevier Inc.
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Expression of CHT Requires Postsynaptic Activityensure that developing neurons do not become overstimulated
until they have matured sufficiently to handle the excessive
calcium loads that result from high-frequency excitatory
synaptic activity; that is, for developing neurons, a little synaptic
stimulation may be beneficial but excess synaptic stimulation
could be detrimental to their survival. In the case of sympathetic
neurons, we speculate that as the postsynaptic neurons receive
functional innervation and mature over the first postnatal week,
they become competent to handle synaptic activity at higher
frequencies and communicate this to the presynaptic terminals
through a retrograde signal. As functional autonomic circuits
become established, this retrograde signal(s) acts on the presyn-
aptic terminals to induce CHT, which allows the terminals to re-
synthesize ACh and prevent it from becoming depleted of trans-
mitter when stimulated at higher frequencies.
In WT mice, we show that CHT increases dramatically over
the first postnatal week in presynaptic terminals in sympathetic
ganglia. In contrast, in a3 KO SCG, CHT levels are low at birth
and remain low for at least 1 month of postnatal development.
Furthermore, when we rescued fast synaptic transmission in
SCG of a3 KO mice by overexpressing a3 cDNA, the synapses
recapitulate those in WT ganglia: CHT levels increase in presyn-
aptic terminals in a few days and synapses mature in two steps:
first, electrophysiologically silent synapses progress to func-
tional synapses that fatigue readily, and then to functional
synapses that can sustain transmission at high frequencies.
Rescuing synaptic transmission by overexpressing mutant
a3E240A supports the idea that a retrograde signal originates
downstream of strong postsynaptic activity to instruct presyn-
aptic terminals to increase their levels of CHT. The nature of
this signal remains elusive, but it seems reasonable to speculate
that it involves depolarization-induced calcium influx.
CHT is synthesized in the soma and targeted to a subset of
synaptic vesicles in the presynaptic terminal (Ferguson et al.,
2003; Ribeiro et al., 2003, 2005). We demonstrate that CHT is
not detectable in preganglionic cell bodies in a3 null mice, sug-
gesting that the lack of CHT in terminals is not solely because
of inappropriate targeting of CHT, as described for cholinergic
terminals in mice null for amyloid precursor proteins (Wang
et al., 2007). Instead, our in situ hybridization experiments for
CHT mRNA demonstrate that the retrograde signal regulates
CHT gene expression.
In our rescue experiments, the transient expression from the
Syn promoter allowed us to conclude that postsynaptic neurons
must remain active for CHT to be continually expressed presyn-
aptically. Two weeks after expressing a3 cDNA in sympathetic
neurons, activity from the Syn promoter decreased, and these
active synapses reverted to their electrophysiologically silent
status. (The reason for the transient expression from the Syn
promoter is unclear but may be related to its regulation in cate-
cholaminergic neurons [Ku¨gler et al., 2003]). Shortly after trans-
mission stopped, CHT in the preganglionic terminals was high,
but over the subsequent 2–3 weeks of inactivity, CHT levels
drop significantly. These results indicate that the maintenance
of CHT levels in presynaptic terminals requires a continuous
signal downstream of postsynaptic activity. Consistent with
this, whenmotor axons tomuscle are cut, CHTmRNA decreases
in the motorneurons and reappears once their axons have
successfully remade functional contact with muscle (Oshima
et al., 2004).
Historically, much of what is known about ACh synthesis and
release from cholinergic nerve terminals in the CNS were first
worked out in preganglionic terminals in sympathetic ganglia,
particularly the crucial role that high-affinity choline transport
plays in cholinergic transmission (Birks and MacIntosh, 1961;
Tucek, 1978). If our results hold true for cholinergic terminals in
the CNS, it implies that certain ACh insufficiency diseases result
from perturbations in activity-dependent retrograde signals that
regulate CHT expression.
EXPERIMENTAL PROCEDURES
Mice
A colony of C57BL/6/J a3 KO mice (gift from Dr. A. Beaudet) was maintained
by breeding heterozygous animals. To produce a3 KO mice as an outbred
strain, we mated C57BL/6/J a3+/ males to CD+ females (Charles River, St.
Constant, Quebec) and then mated the F1 heterozygotes to produce a3 KO
mice on a mixed C57BL/6/J - CD+ background. All genotyping of pups was
done by PCR (Xu et al., 1999). Most experiments were done with superior
cervical ganglia (SCG) from neonatal pups (P0–P14) and young adults (P21–
P60) a3 KO mice and WT littermates.
Extracellular and Intracellular Recordings
Ganglia were pinned down in a small recording chamber (1.5 ml volume) with
minutia pins, perfused continuously at 3–4 ml/min with oxygenated modified
Tyrode’s solution supplemented with glucose (5.6 mM) and choline
(0.01mM) (pH=7.3–7.4) at 36C–37C, andviewed through adissectingmicro-
scope (SMZ-10; Nikon, Tokyo, Japan). The preganglionic nerve in the cervical
sympathetic trunk was connected to a stimulator (Warner instruments) with
a suction electrode and the postganglionic trunk was connected to an alter-
nating current differential amplifier (DP-301; Warner Instruments, Hamden,
CT) with a suction electrode. The postganglionic compound action potentials
were amplified (10003), filtered at 10 Hz (low-pass cutoff) and 3 kHz (high-
pass cutoff), digitized, displayed, and stored on a Pentium II-based personal
computer with Patchkit (Alembic Software, Montreal, Quebec, Canada). The
data were analyzed off-line with Igor (WaveMetrics, Lake Oswego, OR). All
drugs were added directly to the oxygenated Ringer’s solution.
To record from ganglion cells intracellularly, we used 40–80MU glass micro-
electrodes (G150F-4; Warner Instruments) made with a DMZ universal puller
(Zeitz Instruments, Munich, Germany) and filled with 1 M KAc. Stable intracel-
lular recordings were achieved with a high inertial precision microdrive (Inch-
worm 8200; EXFO, Vanier, Quebec, Canada) attached to a micromanipulator
(SM11; Narshige, Tokyo, Japan) that drove the electrode through the ganglion.
The recording electrode was connected by a thin silver chlorided wire to the
head stage of an Axoclamp 2A amplifier (Axon Instruments, Union City, CA)
used in current-clamp mode; depolarizing or hyperpolarizing constant current
pulses were applied through the recording electrode, and membrane poten-
tials were filtered at 10 kHz, sampled, displayed, and stored on a Pentium II-
based personal computer. Stimulation and acquisition was done with Patchkit
software (Alembic Software), and the data were analyzed off-line with IGOR.
The preganglionic nerve was stimulated with brief (0.1–0.2 ms) voltage pulses
applied to the cervical sympathetic trunk through the suction electrode. For
experimentswith the conductancemutant, a3E240A, we averaged30–50 trials
to resolve the EPSPs. All drugs were dissolved in oxygenated Tyrode’s
solution modified as above. Only neurons with membrane potentials greater
than –40 mV were included in this study.
To determine whether synapses could sustain transmission, we stimulated
the preganglionic nerve for 1 min with a 10 Hz train and measured the changes
in EPSPs over 60 s by averaging ten EPSPs at 10 s intervals following the start
of the 60 s train, normalized to the average of first ten EPSPs in the train. For
these experiments, usually curare (5–10 mM) was added to make the EPSPs
were subthreshold; omitting curare had no significant effect on these resultsNeuron 61, 272–286, January 29, 2009 ª2009 Elsevier Inc. 283
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train were included in these experiments.
Adenoviruses
Full-length a3 neuronal nAChR subunit cDNA was ligated into pAdTrack-
cytomegalovirus (Ada3/CMV) or pAdTrack-synapsin 1 (Ada3/Syn), and repli-
cation-deficient viral vectors were made according to He et al. (1998). All
viruses were titered in duplicate with the cytopathic effect method (Nyberg-
Hoffman et al., 1997). Neonatal animals (P0–P21) and young adult (P28–P60)
a3 KO animals were infected with Ada3/CMV or Ada3/Syn adenovirus by
injecting the vectors intraperitoneal (50–100 ml at 107 pfu dissolved in L15)
for pups younger than P10; for older mice, we injected virus i.v. through the
tail vein. As controls, we infected mice with AdGFP/CMV and AdGFP/Syn,
adenoviral vectors that express GFP from either the hCMV or synapsin
1 promoter. For Ada3E240A/Syn, we mutated a3 at position 240 using Quick-
Change Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA) and verified
the change by sequencing (Haghighi and Cooper, 2000).
We obtained weak expression in sympathetic neurons when we infected P1
a3 KOmice with Ada3/hCMV: 7 days post infection, only about 10%of ganglia
had detectable compound action potentials (CAPs) and these CAPs were
considerably smaller than those from WT ganglia; in addition, we found that
only about one in ten neurons had detectable EPSPs and their amplitudes
were only 1–3 mV. Moreover, we observed only weak GFP fluorescence in
SCG; however, stimulating ganglia from infected mice overnight with high K+
resulted in abundant GFP-positive SCG neurons, demonstrating that adeno-
viral vectors infect SCG neurons well but that the hCMV promoter functions
poorly, presumably because the postganglionic sympathetic neurons in
a3 KO mice are not active (Wheeler and Cooper, 2001, 2004).
Immunohistochemistry
Freshly dissected ganglia were placed in 0.5% paraformaldehyde (PFA) in
0.1 M phosphate buffer (PB) for 1 hr, overnight in 40% sucrose in 0.1 M PB,
and then embedded in OCT compound and frozen immediately by immersion
in 2-methylbutane cooled in liquid nitrogen. Frozen sections (30 mm) were cut
from these ganglia with a cryostat and placed onto Probe-on Plus slides
(Fisher Scientific, Houston, TX); the sections were rinsed with PBS for
30 min, blocked for 1 hr in 10% normal donkey serum (DS) in PBS and 0.5%
triton X-100 (TX) at room temperature for 1 hr, and then overnight in primary
antibodies (polyclonal goat anti-VAChT (1:750; Chemicon, Temecula, CA),
rabbit anti-CHT (1/1000) (a gift of Dr. R. Blakely), or anti-postsynaptic density
93 (rabbit anti-PSD93; 1/100, Synaptic Systems) and anti-postsynaptic
density 95 (goat anti-PSD95; 1/100, Synaptic Systems) or rabbit anti-PSD93
and anti-Sh3 ankyrin repeat contain protein (goat anti-Shank; 1/400, Chemi-
con) or rabbit anti-PSD93 and anti-guanylate kinase associated protein (goat
anti-GKAP; 1/400, Synaptic Systems) in PBS containing 10% normal donkey
serum at 4C. The sections were rinsed three times with PBS and then placed
in secondary antibodies (Alexa 488 donkey anti-goat antibodies [1/1000,
Molecular Probes] and rhodamine donkey anti-mouse antibodies [Jackson
ImmunoResearch, West Grove, PA]) in PBS containing 10% normal donkey
serum for 1 hr at room temperature; the sections were then rinsed three times
with PBS and mounted with Vectashield (Vector Laboratories, Burlingame,
CA). For diaphragm experiments, freshly dissected P28 diaphragms were
placed in 4% PFA for 1 hr, then blocked and permeabilized in 10% DS in
PBS and 3% TX at room temperature for 3 hr. Diaphragms were then placed
in primary antibodies polyclonal goat anti-VAChT (1/750) and rabbit anti-
CHT (1/1000) in PBS containing 10% normal donkey serum at 4C. For spinal
cord experiments, we took P28 WT and a3 KO mice and perfused them with
PBS for 2–4 min followed by 2% PFA for 2 min. Then we rapidly dissected
the thoracic segment of the spinal cord, placed them in a solution of 2%
PFA for 1 hr, and froze them immediately by immersion in 2-methylbutane
cooled in liquid nitrogen. Cross-sections of spinal cord were always cut the
following day and stained as above with goat-anti choline acetyltransferase
(1/100 ChAT, Chemicon) and rabbit anti-CHT (1/1000) primary antibodies.
Nonspecific staining, judged by processing sections without the primary anti-
body, was very low.
For imaging, a series of z stacks (0.3 mm/plane) was obtained with a confocal
microscope (LSM 510; Zeiss) and a 633, 1.4 numerical aperture Plan Neofluor
oil-immersion objective. We set values for detector gain, detector offset, and
amplifier offset by imaging ten different WT P28 SCG stained for VAChT and
CHT and found values that captured the distribution of intensities within an
image depth of 8 bits. We used these acquisition parameters for all subse-
quent VAChT and CHT images. For images acquired from SCG stained for
synaptic proteins, where the intensity of staining was less important, we
adjusted the acquisition settings to optimize the staining for these proteins
in WT sections and applied these settings to image a3 KO sections. These
images were acquired as a z stack, where the xy dimensions of each plane
were 66.5 mm 3 66.5 mm (at 1024 3 1024 pixels) and the plane thickness
was 0.33 mm.
Images were quantified off-line with MetaMorph (Universal Imaging Corpo-
ration). First, wemeasured themeanminimal intensity (MI) for green and for red
(usually 30–50 AU for all conditions) on each plane of the stack by taking a line
scan through the center of the image and used twiceMI to set the threshold for
each plane. Next, we made running averages of three consecutive planes
through the entire z stack; these stacks of three averaged planes were then
split up into red (CHT) and green (VAChT) components. We used MetaMorph
analysis software to define VAChT-positive varicosities using three criteria:
0.7 mm2 % area % 7.0 mm2; 0.5 % shape factor (p) % 1; 2MI % intensity %
256. To quantify the proportion of CHT-positive terminals, we transferred the
VAChT-positive regions from the VAChT stack onto the CHT stack and
measured the number of colocalized CHT-VAChT terminals as a fraction of
the total number of VAChT-positive terminals. To quantify CHT levels, we
measured average pixel intensities from colocalized CHT-VAChT terminals;
terminals without CHT were excluded from this average.
The representative images in figures of CHT- and VAChT-stained SCGwere
created by averaging three consecutive image planes from a z stack, cropping
the averaged image, splitting the color components of the cropped image,
thresholding each color channel individually to 23 the value of background
intensity, and adding the two component images back together. VAChT-posi-
tive spots present in only the first or the last plane of three consecutive planes
were removed for clarity from the final cropped image. We processed the
representative images of synaptic protein staining in a similar way, except
that after thresholding the individual components, we maximized intensity
values in the component images to highlight the overlapped staining on the
merged image. Occasionally, we used the low pass filter tool, with a 2 3 2
convolution kernel, in Metamorph to remove single pixel noise from our
images.
In Situ Hybridization
Our procedures for in situ hybridization were similar to those that we used
previously (Rosenberg et al., 1997). Briefly we carried out experiments with
fresh-frozen and prefixed, cryoprotected cryostat sections of P21–P28
thoracic spinal cord. For fresh-frozen sections, spinal cords were rapidly
dissected, embedded in O.C.T. mounting compound, and then frozen in iso-
pentane cooled in liquid nitrogen. For prefixed sections, mice were perfused
transcardially using PBS followed by 4% PFA, spinal cords removed, and
left in 40% sucrose overnight and then frozen in isopentane cooled in liquid
nitrogen. Frozen tissue samples were cut at 60 mm thickness with a 20C
cryostat and placed onto Probe On Plus slides (Fisher Scientific, Pittsburgh,
PA). Fresh-frozen spinal sections were rinsed in PBS for 30 min to remove
O.C.T., fixed for 5 min with 3% paraformaldehyde in 0.1 M Na phosphate
buffer (0.1 M NaH2PO4/0.1 M Na2HPO4, pH 7.4), rinsed with PBS, rinsed
with DEPC water, dehydrated with alcohol, air-dried at room temperature,
and then prehybridized for 3 hr at 43C in a solution containing salmon sperm
DNA (250 mg/ml, Pharmacia), ribonucleoside vanadyl complex (20 mM, New
England Biolabs, Beverly, MA), 4 3 SSC (0.3 M NaCl, 0.03 M Na citrate in
DEPC water), 50% formamide, and 0.1% tween-20. Then the prehybridization
solution was replaced with the hybridization solution, prepared as above but
without tween-20 and with 5–10 ng/ml of labeled RNA probes (see below). Pre-
fixed spinal cord sections were rinsed in PBS for 30 min to remove O.C.T.,
rinsed with DEPC water, dehydrated with alcohol, and then followed the
same processing as fresh-frozen section. For imaging, a series of z stacks
(1.4 mm/plane) were obtained with a confocal microscope (LSM 510; Zeiss)
and a 203, 0.5 numerical aperture Plan Neofluor water-immersion objective.
To reconstruct spinal cords, individual averaged planes were stitched together284 Neuron 61, 272–286, January 29, 2009 ª2009 Elsevier Inc.
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ChAT to identify the intermediate lateral nucleus and ventral horn.
The labeled RNA probes were made from the last 518 bp of the 30 end of the
CHT cDNA (obtained from Adgene). Briefly, Alexa 594-labeled sense and anti-
sense CHT probes were synthesized by in vitro transcription with T7 and SP6
RNA polymerase, respectively, using an RNA FISH tag red kit (Invitrogen,
Carsbad, CA, USA).
Ultrastructural Studies
Ganglia were rapidly dissected from P28 WT and P28 a3 KO mice, placed
directly into 2% paraformaldehyde/2% glutaraldehyde in phosphate buffer
(PB) 0.1 M at room temperature on a shaker for 30 min, and then cut in half
and fixed for an additional 60–90 min. The tissue was then rinsed three times
in 0.1 M PB at room temperature (10 min each), postfixed in 1% OsO4 plus
1.5% potassium ferricyanide in H2O on a shaker for 1 hr at room temperature,
rinsed briefly with distilled H2O, dehydrated in graded series of ethanol
concentrations up to 100%, placed in 100% propylene oxide for 10–15 min
(twice), and embedded in Embed812 and polymerized (24 hr in an oven at
60C). Thin sections of ganglia were cut on an ultramicrotome, stained with
2% aqueous uranyl acetate and 3% lead citrate, viewed with a Philips
(Holland) EM410 electron microscope, and digital images were captured by
Megaview 2 cooled-CCD camera at 10C and a GraBIT digital input board
with analySIS analysis software (Olympus, Munster, Germany) and stored as
1280 3 1024 pixel images at 8 bits and analyzed off-line. To quantify synaptic
morphology, we analyzed our images with Metamorph. For some images of
large synapses in a3 KO SCG, the sections were tilted at different angles
before acquisition and then summed into a single image that encompassed
the whole synapse.
Statistics
To test for differences in the proportion of terminals with CHT, we used the
binomial test. We defined p and q empirically as percent of VAChT-positive
terminals with or without CHT, respectively. For analyses where we compared
VAChT-positive terminals from a3 KO andWT, we set the expected ratio of p:q
as that in age-matched WT SCG. In a3 KO mice infected with virus, we set the
expected ratio of p:q as that in age-matched a3 KO SCG. For each condition,
we calculated the standard deviation using the normal approximation to the
binomial distribution and used the z score to test for significant differences.
All values for binomial distributions and probabilities were calculated using
SISA online statistical software. For all other statistical testing, we used an
unpaired two-sample t test assuming equal variance. All values reported in
the Results are the means ± SEM.
All procedures for animal handling were carried out according to the guide-
lines of the Canadian Council on Animal Care (CCAC).
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